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1. 

SEMCONDUCTORDEVICE WITH 
STRAINED TRANSISTORS AND ITS 

MANUFACTURE 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application is a Divisional application of parent appli 
cation Ser. No. 1 1/471,559, filed Jun. 21, 2006, now aban 
doned, which is based upon and claims the benefits of priority 
from the prior Japanese Patent Application No. 2006-045740 
filed on Feb. 22, 2006. The entire contents of the aforemen 
tioned parent and Japanese priority applications are incorpo 
rated herein by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a semiconductor device 

and its manufacture method, and more particularly to a semi 
conductor device having strained transistors and its manufac 
ture method. 

2. Description of the Related Art 
Micro patterning is progressing in order to improve the 

integration density and operation speed of a silicon semicon 
ductor integrated circuit. As miniaturization advances, the 
gate length of a field effect transistor is shortened. At a gate 
length of 65 nm or shorter, there appears a limit in expecting 
the performance improvements through miniaturization. 

Apart from miniaturization, strained transistors which 
improve the mobility of carriers by strain have been paid 
attention as a technique of improving the performance of a 
field effect transistor. Strain is generated in the channel region 
of a field effect transistor to increase the mobility of electrons 
or holes and improve the on-current characteristics. 

Field effect transistors are classified by the gate electrode 
structure into junction type that a channel is controlled by a pn 
junction, MOS type that a channel is controlled from a gate 
electrode via an insulating film such as an oxide film, and MIS 
type that a channel is controlled by a Schottky gate electrode. 
The following description will be made by taking as an 
example the MOS type using a Si substrate. Mobility of 
electrons of an n-channel (N) MOS transistor is improved by 
tensile stress and a mobility of holes of a p-channel (P) MOS 
transistor is improved by compressive stress, along the chan 
nel length (gate length) direction. 

If the source/drain regions of an NMOS transistor are made 
of silicon-carbon (Si-C) mixed crystals having a lattice con 
stant smaller than that of a Si substrate, tensile stress is 
applied to Si crystals in the channel along the channel length 
direction, so that electron mobility is increased (Refer to K. 
Ang et al: IEDM Tech. Dig., 2004, p. 1069). 

If the source/drain regions of a PMOS transistor are made 
of by silicon-germanium (Si-Ge) mixed crystals having a 
lattice constant larger than that of a Si Substrate, compressive 
stress is applied to Si crystals in the channel along the channel 
length direction, so that hole mobility is increased (Refer to T. 
Ghani et al: IEDM Tech. Dig., 2003, p. 978 and Y. S. Kim et 
al: Proceedings of ESSDERC 2005, p. 305). 

Apart from the Strained transistor, a channeling phenom 
enon is known wherein as impurity ions are implanted into Si 
crystals, Some impurity ions are implanted deeply. In order to 
prevent the channeling phenomenon, there is a proposal to 
grow Si-C or Si Ge in a single-crystal state having a high 
dislocation density or in a polycrystalline state, on Source? 

2 
drain regions, grow an Si film thereon and then implant impu 
rity ions (Refer to Japanese Patent Laid-open Publication No. 
JP-A-2001-24194). 

Various techniques have been proposed to form a shallow 
5 junction in source/drain regions. In one proposal, an undoped 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

silicide layer is formed on Source/drain regions, a doped 
dielectric layer is vapor-deposited on the silicide layer, impu 
rities in the dielectric layer are diffused into the silicide layer 
by pulse laser annealing, impurities in the silicide layer are 
moved by annealing to form a junction having a depth of 100 
nm or shallower. It is described that the source/drain regions 
are made of silicon, silicon-germanium, silicon carbide, or 
gallium arsenide (Refer to PCT National Publication No. 
HEI-11-506567). 

SUMMARY OF THE INVENTION 

As stress is applied to a channel, carrier mobility is 
increased and a transistor performance can be improved. 
Electron mobility of an n-channel transistor is improved by 
tensile stress, and hole mobility of a p-channel transistor is 
improved by compressive stress. 
An object of the present invention is to provide a semicon 

ductor device having n- and p-channel transistors whose per 
formances are respectively improved by utilizing stress. 

According to one aspect of the present invention, there is 
provided a semiconductor device comprising: a semiconduc 
tor Substrate made of a first semiconductor material; an 
n-channel field effect transistor formed in the semiconductor 
Substrate and having n-type source/drain regions made of a 
second semiconductor material different from the first semi 
conductor material; and a p-channel field effect transistor 
formed in the semiconductor Substrate and having p-type 
Source/drain regions made of a third semiconductor material 
different from the first semiconductor material, wherein the 
second and third semiconductor materials are different mate 
rials. 

According to another aspect of the present invention, there 
is provided a method of manufacturing a semiconductor 
device comprising the steps of: (1) forming gate electrodes 
above an n-channel field effect transistor region and a p-chan 
nel field effect transistor region of a semiconductor substrate 
made of a first semiconductor material; (2) forming a first 
insulating mask layer on the semiconductor Substrate, cover 
ing the gate electrodes; (3) covering one of the n-channel field 
effect transistor region and the p-type field effect transistor 
region with a resist mask, anisotropically etching the first 
insulating mask layer in the other field effect transistor region 
to leave the first insulating mask layer of a sidewall spacer 
shape on sidewalls of the gate electrode of the other field 
effect transistor; (4) etching the semiconductor Substrate in 
the other field effect transistor region by using the first insu 
lating mask layer as an etching mask, to form first recesses; 
(5) epitaxially growing source/drain regions of a second 
semiconductor material different from the first semiconduc 
tor material, on the first recesses; (6) removing the first insu 
lating mask layer, (7) forming sidewall spacers of an insulat 
ing material on sidewalls of the gate electrodes; (8) forming a 
second insulating mask layer covering the other field effect 
transistor region; (9) etching the semiconductor Substrate in 
the one field effect transistor region by using the second 
insulating mask layer and the sidewall spacers, as an etching 
mask, to form second recesses; and (10) epitaxially growing 
Source/drain regions of a third semiconductor material differ 
ent from the first semiconductor material, on the second 
CCCSSS. 
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It is possible to apply tensile stress to the channel of an 
n-channel transistor, and compressive stress to the channel of 
a p-channel transistor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A, 1B and 1C are cross sectional views illustrating 
processes of forming an isolation region in a semiconductor 
Substrate and depositing a gate electrode forming layer. 

FIG. 2 is a cross sectional view illustrating a gate electrode 
forming process. 

FIGS. 3A and 3B are cross sectional views illustrating 
processes of forming an insulating mask layer for forming 
source/drain regions of an NMOS transistor. 

FIGS. 4A and 4B are cross sectional views illustrating 
processes of etching the source/drain regions of the NMOS 
transistor. 

FIGS. 5A and 5B are cross sectional views illustrating 
processes of forming source/drain regions of the NMOS tran 
sistor by epitaxial growth. 

FIGS. 6A and 6B are cross sectional views illustrating ion 
implantation processes for forming pocket regions and exten 
Sion regions. 

FIGS. 7A and 7B are cross sectional views illustrating 
processes of forming sidewall spacers on the side walls of 
gate electrodes. 

FIGS. 8A and 8B are cross sectional views illustrating 
processes of implanting ions to form the source/drain regions. 

FIGS. 9A and 9B are cross sectional views illustrating 
processes of forming an insulating mask layer for forming 
source/drain regions of the PMOS transistor. 

FIGS. 10A and 10B are cross sectional views illustrating 
processes of etching the source/drain regions of the PMOS 
transistor. 

FIGS. 11A and 11B are cross sectional views illustrating 
processes of forming source/drain regions of the PMOS tran 
sistor by epitaxial growth, and FIG. 11C is a schematic cross 
sectional view showing stresses in the NMOS and PMOS 
transistors. 

FIG. 12 is a cross sectional view illustrating a silicidation 
process. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In the following, description is made on a method of manu 
facturing a semiconductor device according to an embodi 
ment of the present invention, with reference to the accom 
panying drawings. 
As shown in FIG. 1A, a semiconductor substrate 1 made of 

a first semiconductor Such as silicon is formed with an isola 
tion region 2 defining active regions in which semiconductor 
elements are to be formed. The isolation region 2 can be 
formed, for example, by shallow trench isolation (STI). A 
buffer layer of silicon oxide is formed on the surface of the 
silicon Substrate, and a silicon nitride film pattern having an 
opening above the isolation region is formed on the buffer 
layer. The silicon substrate 1 in the opening is etched to form 
a trench. 
As shown in FIG. 1B, after the trench is formed, the silicon 

substrate surface exposed in the trench is thermally oxidized 
to form a first liner of a silicon oxide film 2a. A second liner 
of a silicon nitride film 2b is formed, for example, by chemi 
cal vapor deposition (CVD), the second liner covering the 
silicon oxide film2a. After the liners of two types are formed, 
the trench is buried with a silicon oxide film 2c formed by 
high density plasma (HDP) CVD. Unnecessary silicon oxide 
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4 
film deposited on the substrate surface is polished and 
removed by chemical mechanical polishing (CMP). During 
this CMP, the silicon nitride film pattern functions as a stop 
per. After CMP, the silicon nitride film pattern is removed, for 
example, by hot phosphoric acid. The buffer layer of silicon 
oxide is also removed by dilute hydrofluoric acid or the like. 
In this manner, the isolation region by STI shown in FIG. 1B 
can be formed. 
FIG.1C shows another example of the STI structure. In this 

example, the liner 2b of silicon nitride is not formed, and the 
silicon oxide film 2C. is directly deposited on the liner 2a of 
silicon oxide to bury the trench. 
The HDP silicon oxide film generates compressive stress. 

Therefore, electron mobility in an NMOS transistor lowers 
and the transistor performance is degraded. The liner 2b of 
silicon nitride generates tensile stress, so that degradation of 
the performance of the NMOS transistor can be suppressed. 
In this embodiment, since tensile stress is generated in the 
source/drain regions as will be later described, the liner 2b of 
silicon nitride may not be formed in some cases. The process 
can be simplified in Such cases. 

Reverting to FIG. 1A, after the isolation region2 is formed, 
a p-type well PW is formed in an NMOS transistor region by 
implanting p-type impurities and an n-type well NW is 
formed in a PMOS transistor region by implanting n-type 
impurities, respectively by isolating the regions by using 
resist masks. A silicon oxide film on the active region Surface 
is removed by dilute hydrofluoric acid or the like, and the 
Substrate surface is thermally oxidized again to form a gate 
insulating film 4 having a thickness of, e.g., 1.2 nm. Nitrogen 
may be introduced into the silicon oxide film. Another insu 
lating film having a high dielectric constant may be stacked 
on the silicon oxide film. A polysilicon layer 5 having a 
thickness of, e.g., 100 nm is formed on the gate insulating film 
to form a gate electrode layer. A silicon nitride film 6 func 
tioning as an etching mask is deposited on the polysilicon 
layer 5 by CVD or the like. 
As shown in FIG. 2, a photoresist pattern PR having a gate 

electrode shape is formed, and the silicon nitride film 6. 
polysilicon layer 5 and gate insulating film 4 under the pho 
toresist pattern are patterned by anisotropical etching. An 
affix n is added to constituent elements of the NMOS transis 
tor and an affix p is added to constituent elements of the 
PMOS transistor. The photoresist pattern PR is thereafter 
removed by ashing or the like. 

Next, a mask is formed which is used for forming source/ 
drain regions of the NMOS transistor. 
As shown in FIG. 3A, a silicon oxide 7 having a thickness 

of 5 nm to 30 nm and covering the gate electrode structures, 
is deposited on the substrate by thermal CVData temperature 
of 550°C. to 700° C. by using as Sisource gas, for example, 
tetraethoxysilane (TEOS). A silicon nitride film 8 having a 
thickness of 10 nm to 60 nm is deposited on the silicon oxide 
film 7 by thermal CVData temperature of 600° C. to 800° C. 
by using SiHCl as Sisource gas. 
As shown in FIG. 3B, the PMOS transistor region is cov 

ered with a photoresist pattern PR, and the silicon nitride film 
8 and silicon oxide film 7 in the NMOS transistor region are 
etched by anisotropical etching using hydrofluorocarbon as 
etching gas, to leave portions of a sidewall spacer shape on the 
sidewalls of the gate electrode structure. The photoresist pat 
tern PR is thereafter removed. A mask is therefore formed 
exposing the source/drain regions of the NMOS transistor 
region. 

Next, by using the insulating films 7 and 8 as an etching 
mask, the NMOS transistor region is etched. 
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FIG. 4A illustrates a first etching process. The exposed 
silicon regions are anisotropically etched to a depth of 20 mm 
to 100 nm by reactive ion etching (RIE) using HBr as an 
etching gas. 

FIG. 4B illustrates a second etching process following the 
first etching process. First, a hydrofluoric acid pre-process is 
performed to remove a natural oxide film, then isotropical 
chemical etching is performed by using the silicon nitride 
film 8 and silicon oxide film 7 as an etching mask. For 
example, silicon is etched by 5 nm to 40 nm not only in a depth 
direction but also in a lateral direction, at 600° C. to 900° C. 
by using HCl as an etching gas. A length of extension regions 
to be later formed can be controlled by an isotropical etching 
depth. First recess are therefore formed on both side of the 
channel region, for forming Source/drain regions of a differ 
ent material. 
Cl may be used instead of HC1. Wet etching may be used 

instead of dry etching. However, it is necessary to take out the 
Substrate in the atmospheric air for executing wet etching. If 
dry etching is used, it is advantageous in that it is easy to 
advance to the next epitaxial growth. 

Next, Si C mixed crystal of a second semiconductor hav 
ing a smaller lattice constant than that of the first semicon 
ductor is epitaxially grown selectively on the exposed Sur 
faces of silicon of the first semiconductor. 
As shown in FIG. 5A, Si C mixed crystal is epitaxially 

grown by low pressure thermal CVD selectively on the silicon 
surfaces exposed outside the insulating films 7 and 8 in the 
NMOS transistor region. Growth temperature (substrate tem 
perature) is set, for example, at 600° C. to 900° C. Gases, 
SiHCl (source gas for Si) at a flow rate of 50 sccm to 300 
sccm, SiH(CH) (source gas for C) at a flow rate of 2 sccm to 
50 sccm, HCl at a flow rate of 30 sccm to 300 sccm, and Hare 
flowed. Pressure in a growth chamber is set, for example, at 
100 Pa to 5000 Pa. With this selective epitaxial growth, Si C 
crystal grows on the silicon Surface and does not grow on the 
insulating films. The crystal grows first on the Surface of the 
first recesses, filling the space under the overhanging insulat 
ing films 7 and 8, and continue to grow beside the insulating 
films 7 and 8 to form Si C source/drain regions 10 having a 
protruded upper surface. The Si C source/drain regions 10 
bury the first recesses and have an uneven Surface. 

If the first semiconductor is Si, the C composition of Si C 
of the second semiconductor having a lattice constant Smaller 
than that of the first semiconductor is preferably set to 0.1 to 
5.0 at 9%. 

Instead of SiHCl, other silane gasses such as SiH4. Si-H. 
SiHs and SiCl, may be used as a source gas of Si. Instead of 
HCl, Cl, may be used. SiH(CH) is used as a source gas of C. 
As shown in FIG. 5B, the insulating films 7 and 8 are 

removed. For example, the silicon nitride film 8 is removed by 
hot phosphoric acid, and the silicon oxide film 7 is removed 
by dilute hydrofluoric acid. The silicon nitride film 6 on the 
gate electrode is also removed at the same time. 

In a state that sidewall spacers are not formed on the side 
walls of the gate electrodes, ion implantation is performed for 
forming extension regions of the Source? drain regions and the 
pocket regions. 
As shown in FIG. 6A, a photoresist pattern PR covering the 

PMOS transistor region is formed, and p-type impurity ions 
are implanted into the NMOS transistor region. For example, 
In ions are implanted along four directions inclined from the 
plane normal under the conditions of an acceleration energy 
of 50 keV and a dose of 5x10" cm' (hereinafter a notation 
such as 5E13 is used). With this p-type impurity ion implan 
tation, pocket regions 11 having an increased p-type impurity 
concentration are formed in Surface regions of the p-type well 
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6 
PW. Next, n-type impurity ions are implanted to form n-type 
extension regions 12. For example, AS ions are implanted 
along a vertical direction under the conditions of an accelera 
tion energy of 5 keV and a dose of 1E15. The peripheries of 
the extension regions 12 are covered with the pocket regions 
11, so that a shallow junction can be formed. The photoresist 
pattern PR covering the PMOS transistor region is thereafter 
removed. 
As shown in FIG. 6B, a photoresist pattern PR covering the 

NMOS transistor region is formed, n-type impurity ions are 
implanted into the PMOS transistor region to form n-type 
pocket regions 13, and p-type impurity ions are implanted to 
form p-type extension regions 14. For example, the n-type 
pocket regions 13 are formed by implanting n-type impurity 
ions, Sb ions, along four directions inclined from the plane 
normal under the conditions of an acceleration energy of 60 
keV and a dose of 5E13, and the p-type extension regions 14 
are formed by implanting p-type impurity ions, Bions, under 
the conditions of an acceleration energy of 5 keV and a dose 
of 1E15. The photoresist pattern PR covering the NMOS 
transistor region is thereafter removed. 

Next, sidewall spacers for ion implantation for low resis 
tance, high concentration Source? drain regions are formed. 
As shown in FIG. 7A, a silicon oxide film 16 having a 

thickness of 30 nm to 100 nm is deposited on the substrate by 
thermal CVD, covering the gate electrode structures. For 
example, the thermal CVD is performed by using bistertial 
buthylaminosilane (BTBAS) and O. used as source gases at a 
growth temperature of 500° C. to 580° C. 
As shown in FIG. 7B, the silicon oxide film 16 is anisotro 

pically etched by RIE to leave the silicon oxide film only on 
the sidewalls of the gate electrode structures, as sidewall 
spacers. Ion implantation for the source? drain regions are 
performed by using the sidewall spacers as an ion implanta 
tion mask. 
As shown in FIG. 8A, a photoresist pattern PR covering the 

PMOS transistor region is formed, and n-type impurity ions 
are implanted into the NMOS transistor region. For example, 
n-type impurity ions, Pions, are implanted at an acceleration 
energy of 6 keV and a dose of 1E16 to form low resistance 
n-type source? drain regions 17. As may be used in place of P. 
as n-type impurities. The photoresist pattern PR is thereafter 
removed. 
As shown in FIG. 8B, a photoresist pattern PR covering the 

NMOS transistor region is formed, and p-type impurity ions 
are implanted into the PMOS transistor region. For example, 
p-type impurity ions, Bions, are implanted at an acceleration 
energy of 8 keV and a dose of 5E15 to form p-type source/ 
drain regions 18. The photoresist pattern PR is thereafter 
removed. 

After the ion implantation for the source/drain regions, 
rapid thermal annealing (RTA) is performed, for example, at 
1000°C. or higher to activate implanted impurity ions. There 
after, an insulating mask is formed for forming the source? 
drain regions made of different material, in the PMOS tran 
sistor region. 
As shown in FIG.9A, a silicon oxide film 19 is deposited 

on the substrate to a thickness of 20 nm to 100 nm by plasma 
enhanced (PE) CVD. For example, PE-CVD is performed by 
using TEOS as Sisource gas at a growth temperature of 400° 
C. to 600° C. 
As shown in FIG.9B, a photoresist pattern PR is formed 

covering the NMOS transistor region and the gate electrode 
of the PMOS transistor, and at least the silicon oxide film 19 
on the source/drain regions of the PMOS transistor region is 
etched by using hydrofluorocarbon as etching gas. The silicon 
oxide film 16 formed by thermal CVD using BTBAS as Si 
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Source gas is hard to be etched more than the silicon oxide 
film 19 formed by PE-CVD using TEOS as Sisource gas. It is 
therefore possible to etch the silicon oxide film 19 with pri 
ority over the siliconoxide film 16. The surfaces of the source/ 
drain regions 18 of the PMOS transistor region are therefore 
exposed. The photoresist pattern PR is thereafter removed. 
FIG.10A shows a first etching process. By using the silicon 

oxide film 19 and sidewall spacers 16 as an etching mask, the 
silicon substrate exposed on both sides of the sidewall spacers 
of the PMOS transistor is anisotropically etched. For 
example, RIE using HBr as etching gas is performed to etch 
the silicon substrate by a depth of 20 to 100 nm. 

FIG. 10B shows a second etching process. After a natural 
oxide film formed on the silicon surface is etched by a hydrof 
luoric acid process, the silicon Substrate is isotropically 
etched by chemical etching to a depth of 5 nm to 40 nm. For 
example, this etching is performed by using HCl as etching 
gas at 600° C. to 900° C. Etching progresses in the depth 
direction and also in the lateral direction. In this manner, a 
second recess is formed. C1 may be used instead of HC1. 
The first and second etching processes shown in FIGS. 10A 

and 10B are similar to the first and second etching processes 
shown in FIGS. 4A and 4B. Although wet etching may be 
performed instead of dry etching, the dry etching is advanta 
geous in that the next epitaxial growth can be performed 
immediately thereafter. 

Next, Si Ge or Si Ge—C mixed crystal of a third semi 
conductor having a lattice constant larger than that of the first 
semiconductor is epitaxially grown selectively on the 
exposed Surface of silicon of the first semiconductor. 
As shown in FIG. 11A, Si Ge or Si Ge C is epitaxi 

ally grown on the exposed silicon surface of the PMOS tran 
sistor by low pressure thermal CVD to forman epitaxial layer 
21. For example, gases, SiHCl (Source gas for Si) at a flow 
rate of 50 sccm to 300 sccm, GeH (source gas for Ge) at a 
flow rate of 50 sccm to 300 sccm, SiH(CH) (source gas for 
C) at a flow rate of 2 sccm to 50 sccm, HCl gas at a flow rate 
of 30 sccm to 300 sccm, and H gas are flowed, at a growth 
temperature of 500° C. to 800° C. During the growth, p-type 
impurity ions B are doped. Pressure in a CVD chamber is set, 
for example, at 100 Pa to 5000 Pa. 

If the third semiconductor having a lattice constant larger 
than that of Si of the first semiconductor layer is Si Ge, a Ge 
composition is preferably set to 5 to 40 at 96. When C is doped 
slightly, thermal stability can be improved although a strain 
amount reduces. It is effective to use Si-Ge—C having a 
good composition balance. 

Epitaxial growth progresses only on a silicon Surface and 
does not progress on an insulator Surface. Growth progresses 
first on the Surface of the second recess, and continues to 
progress beside the sidewall spacers to form epitaxial layers 
having a protruded upper Surface. 

In the above description, although the silicon oxide film 19 
is left on the gate electrode of the PMOS transistor, the silicon 
oxide film 19 on the gate electrode may not be left. In this 
case, the polysilicon gate electrode is etched during the etch 
ing process for the source/drain regions. However, Si-Ge 
grows also on polysilicon during the Si-Ge growth process, 
so that a concavity once formed is filled with Si Ge. 
The sidewall spacers in the NMOS transistor region are 

formed after the Si-C source/drain regions 10 are formed. 
Therefore, the sidewall spacers have an uneven bottom sur 
face in conformity with the uneven upper surfaces of the 
source/drain regions 10. The sidewall spacers 16 of the 
PMOS transistor region have a flat bottom surface because 
the sidewall spacers are formed before the Si Ge source/ 
drain regions 21 are grown. 
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It is preferable that the growth temperature of Si C epi 

taxial growth shown in FIG. 5A is set higher than that of 
Si–Geor Si Ge—C epitaxial growth shown in FIG. 11A. 
Si-C has a higher growth temperature and higher thermal 
stability than those of Si Ge or Si Ge—C. It is possible to 
improve stability of the epitaxial growth films and provide 
thermally stable processes, by forming first the Si Csource/ 
drain regions and thereafter forming the Si-Ge or 
Si-Ge—C Source/drain regions. 

Instead of SiHCl, source gas for Si may be SiH4. SiH, 
SiHs, or SiCle. Cli may be used instead of HC1. These are 
similar to the epitaxial growth for Si. C. GeHCl may be 
used instead of GeH. 
As shown in FIG. 11B, the insulating mask 19 of silicon 

oxide is removed by hydrofluoric acid or the like. 
FIG. 11C is a schematic cross sectional view showing 

Stress in NMOS and PMOS transistors. The Si C Source? 
drain regions 10 of the NMOS transistor have a smaller lattice 
constant than that of Si of the semiconductor substrate, so that 
the Source/drain regions tend to contract and apply a tensile 
stress to the channel Chn under the gate electrode Gn along a 
gate (or channel) length direction. The Si-Ge source/drain 
regions 21 of the PMOS transistor have a larger lattice con 
stant than that of Si of the semiconductor substrate, so that the 
Source/drain regions tend to expand and apply a compressive 
stress to the channel Chp under the gate electrode Gp along a 
gate (or channel) length direction. Therefore, mobilities of 
carriers in NMOS and PMOS transistors increase, allowing a 
high speed operation. 
As shown in FIG. 12, a silicide layer is formed. For 

example, a Ni film preferably having a thickness of 5 nm or 
thicker is deposited on the substrate by sputtering, and 
annealed to effect a silicidation reaction. After an unreacted 
Nilayer is removed, annealing may be performed again. In 
this manner, NiSilayers 23 are formed on the silicon surfaces. 
Instead of Nisilicide, other silicide may beformed such as Co 
silicide. 
A semiconductor device having NMOS and PMOS tran 

sistors is manufactured in the manner described above. The 
source/drain regions of the NMOS transistor apply a tensile 
stress to the channel region made of the first semiconductors, 
because the source/drain regions are made of Si C of the 
second semiconductor having a smaller lattice constant than 
that of Si of the first semiconductor. The source/drain regions 
of the PMOS transistor apply a compressive stress to the 
channel region made of the first semiconductor Si, because 
the source/drain regions are made of Si Geor Si Ge—C of 
the third semiconductor having a larger lattice constant than 
that of Si of the first semiconductor. Accordingly, electron 
mobility in the NMOS transistor is improved and hole mobil 
ity in the PMOS transistor is improved. Drain current of the 
transistor increases and a high performance device can be 
manufactured. 

Since the Si-C source/drain regions apply a tensile stress, 
a compressive stress of the HDP silicon oxide film buried in 
STI can be compensated for and the tensile stress can be 
applied effectively. 

In the above description, Si is used as the first semiconduc 
tor constituting the channel region, Si-C mixed crystal is 
used as the second semiconductor constituting the source? 
drain regions of the NMOS transistor, and Si Ge or 
Si–Ge—C mixed crystal is used as the third semiconductor 
constituting the source/drain regions of the PMOS transistor. 
The invention is not limited thereto. 

For example, the first semiconductor may be made of 
Si-Ge (-C) mixed crystals, the second semiconductor may 
be made of Si or Si Ge (—C) having a smaller Ge compo 
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sition than that of the first semiconductor, and the third semi 
conductor may be made of Si-Ge (-C) having a larger Ge 
composition than that of the first semiconductor. 
The present invention has been described in connection 

with the preferred embodiments. The invention is not limited 
only to the above embodiments. It will be apparent to those 
skilled in the art that various modifications, improvements, 
combinations, and the like can be made. 
What we claim are: 
1. A method of manufacturing a semiconductor device 

comprising: 
(1) forming a first gate electrode above an n-channel field 

effect transistor region of a semiconductor Substrate 
made of a first semiconductor material, and forming a 
second gate electrode above a p-channel field effect 
transistor region of the semiconductor Substrate made of 
the first semiconductor material; 

(2) forming a first insulating mask layer over the semicon 
ductor Substrate, covering the first gate electrode and the 
second gate electrode: 

(3) forming a resist mask covering the p-channel field 
effect transistor region and exposing the n-channel field 
effect transistor region, anisotropically etching the first 
insulating mask layer in the n-channel field effect tran 
sistor region to leave the first insulating mask layer as 
first sidewall spacers on sidewalls of the first gate elec 
trode: 

(4) etching the semiconductor Substrate in the n-channel 
field effect transistor region by using the first insulating 
mask layer, the first sidewall spacers and the first gate 
electrode as an etching mask, to form first recesses; 

(5) epitaxially growing a second semiconductor material 
different from the first semiconductor material, in the 
first recesses; 

(6) after epitaxially growing the second semiconductor 
material, removing the first insulating mask layer and 
the first sidewall spacers; 

(7) after removing the first insulating mask layer and the 
first sidewall spacers, forming second sidewall spacers 
of an insulating material on sidewalls of the first gate 
electrode and the second gate electrode: 

(8) after forming the second sidewall spacers, forming a 
second insulating mask layer covering the n-channel 
field effect transistor region; 

(9) etching the semiconductor Substrate in the p-channel 
field effect transistor region by using the second insulat 
ing mask layer, the second sidewall spacers, and the 
second gate electrode, as an etching mask, to form sec 
ond recesses; and 
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(10) epitaxially growing a third semiconductor material 

different from the first semiconductor material, in the 
second recesses. 

2. The method of manufacturing a semiconductor device 
according to claim 1, wherein at least one of said steps (4) and 
(9) includes an anisotropical etching process and an isotropi 
cal etching process following the anisotropical etching pro 
CCSS, 

3. The method of manufacturing a semiconductor device 
according to claim 1, further comprising between said steps 
(6) and (8) a step of implanting impurity ions into said one and 
other field effect transistor regions. 

4. The method of manufacturing a semiconductor device 
according to claim 1, wherein said step (5) epitaxially grows 
the second semiconductor material containing Si and C at a 
first temperature, and said step (10) epitaxially grows the 
third semiconductor material containing Si and Ge at a sec 
ond temperature lower than said first temperature. 

5. The method of manufacturing a semiconductor device 
according to claim 1, wherein said first semiconductor is Si, 
said second semiconductor is Si-C mixed crystal, and said 
third semiconductor is Si Ge or Si Ge C mixed crystal. 

6. The method of manufacturing a semiconductor device 
according to claim 5, wherein each of said steps (4) and (9) 
includes (a) a reactive etching step for Si and (b) a chemical 
etching process for Si. 

7. The method of manufacturing a semiconductor device 
according to claim 6, wherein said step (a) etches a depth of 
20 to 100 nm and said step (b) etched a depth of 5 to 40 nm. 

8. The method of manufacturing a semiconductor device 
according to claim 6, wherein said step (a) uses HBr as 
etchant. 

9. The method of manufacturing a semiconductor device 
according to claim 6, wherein said step (b) etches at 600 to 
900° C. using HCl or C1 as etchant. 

10. The method of manufacturing a semiconductor device 
according to claim 4, wherein said step (5) is performed by 
low pressure thermal CVD using silane gas as Sisource gas 
and SiH(CH) as C Source gas. 

11. The method of manufacturing a semiconductor device 
according to claim 4, wherein said step (10) is performed by 
low pressure thermal CVD using silane gas as Sisource gas 
and GeHa as Ge Source gas. 

12. The method of manufacturing a semiconductor device 
according to claim 1, wherein said step (7) includes a step of 
depositing a siliconoxide film by thermal CVD using BTBAS 
and O. as source gasses. 
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